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ABSTRACT 
T h i s  p a p e r  e x t e n d s  t h e  s t u d y  o f  r e s o n a n c e  r e c t i f i c a t i o n  phenomena 
i n  p l a smas  t o  t h e  c a s e  where  a s t a t i c  magne t i c  f i e l d  i s  p r e s e n t .  P a r a l -  
l e l  w i r e  p r o b e  geometry h a s  been  chosen  so t h a t  t h e  r f  e lec t r ic  f i e l d  i s  
p r i m a r i l y  p e r p e n d i c u l a r  t o  t h e  magne t i c  f i e l d .  Under t h e s e  c o n d i t i o n s ,  
e x p e r i m e n t s  show t h a t  t h e r e  a r e  two d i s t i n c t  series o f  r e s o n a n c e  peaks ,  
o n e  o c c u r r i n g  between s u c c e s s i v e  c y c l o t r o n  ha rmon ics ,  t h e  o t h e r  p r e c i s e l y  
a t  t h e  c y c l o t r o n  ha rmon ics .  Cold plasma t h e o r y  i s  i n a d e q u a t e  t o  a c c o u n t  
f o r  t h e  e x i s t e n c e  of t h e s e  r e s o n a n c e s .  An e x p l a n a t i o n  i s  p roposed ,  b a s e d  
o n  t h e  form o f  t h e  warm plasma p e r m i t t i v i t y  component p e r p e n d i c u l a r  t o  
t h e  m a g n e t i c  f i e l d ,  which e x p l a i n s  s a t i s f a c t o r i l y  a l l  o f  t h e  e x p e r i m e n t a l  
o b s e r v a t i o n s  
* 
T h i s  work was s u p p o r t e d  by t h e  NASA. 
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. 
Resonance r e c t i f i c a t i o n  e f f e c t s  have  been  much s t u d i e d  i n  t h e  l a s t  
f e w  y e a r s ,  p r i n c i p a l l y  because  of t h e i r  p o t e n t i a l  d i a g n o s t i c  a p p l i c a -  
t i o n s  t o  e l e c t r o n  d e n s i t y  measurement i n  l a b o r a t o r y  and s p a c e  p l a smas .  
The  b a s i c  phenomenon, which was f i r s t  r e p o r t e d  by Takayama e t  a l ,  
o c c u r s  when a d c  p o t e n t i a l  and a super imposed  rf s i g n a l ,  of f r equency  u, 
a r e  a p p l i e d  t o  a m e t a l l i c  p r o b e  immersed i n  a p l a sma ,  T h e r e  i s  a rec t i -  
f i c a t i o n  effect  due  t o  t h e  n o n l i n e a r  r e s p o n s e  of t h e  sys tem,  i n  p a r t i c u -  
l a r  t h e  plasma s h e a t h ,  which c a u s e s  t h e  d c  component of t h e  p r o b e  c u r r e n t  
t o  i n c r e a s e  above  i t s  v a l u e  i n  t h e  a b s e n c e  o f  a n  r f  s i g n a l .  A s  t h e  
f r e q u e n c y  of t h e  modu la t ing  s i g n a l  i s  i n c r e a s e d  from z e r o ,  t h e  i n c r e -  
m e n t a l  d c  component i n c r e a s e s  t o  a maximum which  o c c u r s  somewhat below 
t h e  e l e c t r o n  plasma f r equency ,  cu . For h i g h e r  f r e q u e n c i e s ,  i t  d e c r e a s e s  
towards  zero. 
1 
P 
A s i m p l i f i e d  e x p l a n a t i o n  o f  t h e  e f f e c t  c a n  be based  o n  c o n s i d e r a -  
t i o n s  of t h e  c o l d  plasma p e r m i t t i v i t y .  If  i t  i s  assumed t h a t  t h e  s h e a t h  
r e g i o n  close t o  t h e  p robe  i s  f r e e  from e l e c t r o n s ,  i t  may b e  c o n s i d e r e d  
a t  a l l  f r e q u e n c i e s  a s  a c a p a c i t i v e  r e a c t a n c e .  For w < w-, t h e  equ iva -  
LJ 2 , 2  l e n t  plasma p e r m i t t i v i t y  [=  1 - (wp/w ) ]  i s  n e g a t i v e ,  so t h a t  t h e  
plasma r e a c t a n c e  i s  e f f e c t i v e l y  i n d u c t i v e .  A t  some f requency ,  t h e r e  i s  
c o n s e q u e n t l y  a series r e s o n a n c e  a t  which  t h e  rf electric f i e l d  a c r o s s  
t h e  s h e a t h  rises t o  a h i g h  v a l u e ,  and  c a u s e s  a r e s o n a n c e  peak  t o  o c c u r  
i n  t h e  r e c t i f i e d  c u r r e n t .  T h i s  t h e o r y ,  p roposed  o r i g i n a l l y  by Mayer 
and Harp i n d e p e n d e n t l y ,  can  be  j u s t i f i e d  o n  more rigorous g rounds  from 
n u m e r i c a l  s o l u t i o n  o f  t h e  f u l l  p lasma/shea th  e q ~ a t i o n . ~  An a d d i t i o n a l  
phenomenon i n t r o d u c e d  by mic roscop ic  t h e o r y ,  based  o n  t h e  Vlasov  equa- 
t i o n ,  i s  t h a t  of c o l l i s i o n l e s s  damping of t h e  r e s o n a n c e .  T h i s  i s  p re -  
d i c t e d  t o  o c c u r  s t r o n g l y  due  t o  phase  mixing ,  i f  t h e  r e s o n a n c e  f r e q u e n c y  
approaches  w and i s  o b s e r v e d  e x p e r i m e n t a l l y .  
2 
P' 
The work r e f e r r e d  t o  so f a r  has  a l l  been  c a r r i e d  o u t  i n  t h e  a b s e n c e  
of m a g n e t i c  f i e l d .  The q u e s t i o n  now a r i s e s  of what  e x t e n s i o n s  c a n  be 
made t o  s i t u a t i o n s  where  a s t a t i c  m a g n e t i c  f i e l d  i s  p r e s e n t .  Some 
e x p e r i m e n t s  were c a r r i e d  o u t  i n  1963 by Uramoto e t  a l ,  
p r o b e  p a r a l l e l  t o  t h e  magne t i c  f i e l d ,  The r e s u l t s  showed r e c t i f i c a t i o n  
4 u s i n g  a p l a n a r  
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p e a k s  a t  t h e  c y c l o t r o n  f r e q u e n c y  and i t s  second  harmonic.  A r e s o n a n c e  
close t o  t h e  fundamen ta l  c y c l o t r o n  f r equency  i s  c o n s i s t e n t  w i t h  a s i m p l e  
e x t e n s i o n  of t h e  t h e o r y  t o  t a k e  i n t o  a c c o u n t  t h e  d i f f e r i n g  plasma pe r -  
m i t t i v i t y  components p a r a l l e l  and p e r p e n d i c u l a r  t o  t h e  magne t i c  f i e l d .  
D e t a i l e d  a n a l y t i c a l  t r e a t m e n t s  have been  given,’  b u t  no f u r t h e r  e x p e r i -  
ments  seem t o  have been r e p o r t e d .  
The pu rpose  o f  t h e  work t o  be d e s c r i b e d  i n  t h i s  p a p e r  h a s  been  t o  
s t u d y  r e s o n a n c e  r e c t i f i c a t i o n  i n  a plasma immersed i n  a magne t i c  f i e l d ,  
u s i n g  p r o b e  geometry s u c h  t h a t  t h e  p e r p e n d i c u l a r  component o f  t h e  plasma 
p e r m i t t i v i t y  dominates  t he  r e c t i f i c a t i o n  c h a r a c t e r i s t i c s .  The e x p e r i -  
m e n t a l  r e s u l t s  t o  be  p r e s e n t e d  i n  S e c t i o n  111 e x h i b i t  two d i s t i n c t  series 
of r e s o n a n c e s ,  which canno t  be e x p l a i n e d  from c o l d  plasma p e r m i t t i v i t y  
c o n s i d e r a t i o n s .  They can ,  however, be  e l u c i d a t e d  by r e f e r e n c e  t o  warm 
plasma t h e o r y ,  i . e .  by t a k i n g  i n t o  a c c o u n t  nonzero e l e c t r o n  t e m p e r a t u r e .  
T h i s  t h e o r y  i s  o u t l i n e d  i n  S e c t i o n  11.  The c h a r a c t e r i s t i c s  of t h e  
r e s o n a n c e s  compare w e l l  e x p e r i m e n t a l l y  w i t h  p r e d i c t i o n s  based  on i t .  
- 2 -  
. 11. THEORY 
It  i s  c o n v e n i e n t  t o  c o n s i d e r  f i r s t  t h e  r e s o n a n c e  r e c t i f i c a t i o n  
effects t h a t  might  b e  e x p e c t e d  for a c o l d  magnetoplasma, and t h e n  t o  
d e s c r i b e  t h e  d i f f e r e n c e s  i n t r o d u c e d  by t a k i n g  accoun t  of nonze ro  e l e c t r o n  
t e m p e r a t u r e .  The d i s c u s s i o n  w i l l  be r e s t r i c t e d  t o  g e o m e t r i e s  where  t h e  
r f  e lec t r ic  f i e l d  i s  p e r p e n d i c u l a r  t o  t h e  s t a t i c  magne t i c  f i e l d .  These  
c o n d i t i o n s  may b e  approached e x p e r i m e n t a l l y  i n  p a r a l l e l  p l a t e ,  p a r a l l e l  
w i r e ,  or 
( A )  
e lec t r i c  
c o a x i a l  c y l i n d e r  e l e c t r o d e  c o n f i g u r a t i o n s .  
Cold Plasma.  
The c o l d  plasma p e r m i t t i v i t y  t e n s o r  component a p p r o p r i a t e  t o  a n  
f i e l d  a p p l i e d  p e r p e n d i c u l a r  t o  t h e  s t a t i c  magne t i c  f i e l d  i s  6 
where t h e  e l e c t r o n  plasma and c y c l o t r o n  f r e q u e n c i e s ,  w and w a r e  
g i v e n  by 
P C J  
and where  p i s  t h e  e l e c t r o n i c  cha rge  d e n s i t y ;  e and m a r e  t he  
e lectronic  c h a r g e  and mass r e s p e c t i v e l y ,  and  B i s  t h e  magne t i c  f i e l d  
s t r e n g t h  e 
The r e a c t a n c e  o f  a n  a r b i t r a r y  volume of plasma norma l i zed  t o  
i t s  v a l u e  w i t h  f ree  s p a c e  a s  the d ie lec t r ic  i s  
1 x = -  
I 
P e o  (3) 
T h i s  f u n c t i o n  i s  s k e t c h e d  i n  F i g .  l ( a ) .  
i n c r e a s e s  from z e r o ,  t h e  r e a c t a n c e  d e c r e a s e s  from a p o s i t i v e  v a l u e  t o  
z e r o  a t  t he  c y c l o t r o n  f r e q u e n c y .  Between t h i s  p o i n t  and the u p p e r  
h y b r i d  f r e q u e n c y  (w = 0) + wc) t h e  r e a c t a n c e  i s  n e g a t i v e ,  i m p l y i n g  
I t  w i l l  be n o t e d  t h a t  a s  w 
P 
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( I  /q 
I 
0 
FIG. 1( a ) .  Normalized reactance of co ld  magnetoplasma (RF 
electric f i e l d  perpendicular to s t a t i c  magnetic f i e l d ) .  
-4- 
0 
FIG. l ( b ) .  Normalized reactance of cold magnetoplasma (RF 
e l ec tr i c  f i e l d  perpendicular to  s t a t i c  magnetic f i e l d ) .  
3- 
FIG. 
/ 
( c )  (wp2/w2)> 1, CONSTANT 
l ( c ) .  Normalized reactance of cold magnetoplasma (RF 
e l ec tr i c  f i e l d  perpendicular to s t a t i c  magnetic f i e l d )  . 
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t h a t  t h e  plasma i s  i n d u c t i v e .  For f r e q u e n c i e s  above  t h e  uppe r  h y b r i d  
t h e  r e a c t a n c e  i s  a g a i n  c a p a c t i v e ,  d e c r e a s i n g  wi th  i n c r e a s i n g  o t owards  
t h e  free s p a c e  v a l u e .  S i n c e  t h e  s h e a t h  r e a c t a n c e  i s  a lways  c a p a c i t i v e ,  
i t  follows t h a t  t h e r e  w i l l  be a series r e s o n a n c e  a t  some f r e q u e n c y  l y i n g  
be tween t h e  c y c l o t r o n  f r equency  and t h e  u p p e r  h y b r i d .  A t  t h i s  p o i n t ,  t h e  
e lectr ic  f i e l d  a c r o s s  t h e  s h e a t h  will rise t o  a high v a l u e  c a u s i n g  a 
r e s o n a n c e  i n  t h e  r e c t i f i e d  c u r r e n t  component. 
I n  l a b o r a t o r y  expe r imen t s ,  i t  i s  most c o n v e n i e n t  t o  v a r y  w 
C 
w h i l e  k e e p i n g  w and w c o n s t a n t ,  Under t h e s e  c o n d i t i o n s ,  t w o  p o s s i -  
b i l i t i e s  c a n  be d i s t i n g u i s h e d  f o r  t h e  b e h a v i o r  of t h e  plasma r e a c t a n c e ,  
The  f i rs t  i s  shown i n  F i g .  l ( b ) ,  for 
c a n  a lways  o c c u r ,  s i n c e  t h e  r e a c t a n c e  c a n  t a k e  a l l  v a l u e s  be tween 0 and 
-m,  The c y c l o t r o n  f r equency  must l i e  between t h e  u p p e r  h y b r i d  f r e q u e n c y  
2 2  and t h e  s i g n a l  f r e q u e n c y .  For (up/w ) > 1, a s  i n  F i g .  l ( c ) ,  t h e  maxi- 
mum n e g a t i v e  v a l u e  of t h e  r e a c t a n c e  i s  f i n i t e ,  , so  series r e s o n a n c e  
w i l l  n o t  n e c e s s a r i l y  o c c u r .  I f  i t  does ,  however, t he  c y c l o t r o n  f r e q u e n c y  
c a n  l i e  anywhere be tween z e r o  and  t h e  s i g n a l  f r e q u e n c y .  
P 
2 2  bP/u ) < 1. The  series r e s o n a n c e  
( B )  Warm Plasma.  
6 When t h e  e l e c t r o n  t e m p e r a t u r e  i s  nonzero ,  Eq. (1) becomes 
w h e r e  A h a s  b e e n  w r i t t e n  fo r  (k R ) 2 ;  k 1s t h e  wave number f o r  
p r o p a g a t i o n  p e r p e n d i c u l a r  t o  the  magne t i c  f i e l d ;  R[ = (IC Te/m)1/2/uc] 
i s  t h e  g y r o r a d i u s  of a p a r t i c l e  w i t h  t h e r m a l  e n e r g y ;  i s  Bo l t zmann ' s  
c o n s t a n t  and T i s  t h e  e l e c t r o n  t e m p e r a t u r e ,  The e l e c t r o n  v e l o c i t y  
d i s t r i b u t i o n  i s  assumed t o  be Maxwell ian.  T h i s  i s  a much more compl i -  
c a t e d  e x p r e s s i o n  t h a n  f o r  t h e  co ld  plasma c a s e  s i n c e  i t  depends o n  the  
wavenumber, i . e .  o n  t h e  s p a t i a l  F o u r i e r  components of the e lectr ic  f i e l d  
i n  the v i c i n i t y  of t h e  p r o b e .  S t r i c t l y  8 i s  e x a c t ,  and k i s  
a r b i t r a r y ,  o n l y  f o r  a n  i n f i n i t e  plasma,  though w e  s h a l l  be d i s c u s s i n g  
bounded s y s t e m s  i n  what  follows 
1 I 
e 
I I 
- '( - 
F i g u r e  2 ( a )  shows t h e  b e h a v i o r  o f  Eq. (4 )  f o r  a f i x e d  v a l u e  of  
I t  w i l l  be s e e n  t h a t ,  i n  a d d i t i o n  t o  t h e  shaded a r e a  c o r r e -  
2 2  (u: /(uc). 
' P  
spond ing  t o  t h a t  o f  Fig. l(a), t h e r e  i s  a n  i n f i n i t e  series of s u c h  r e g i o n s  
bounded below by t h e  c y c l o t r o n  harmonics and above by a set o f  f r e q u e n c i e s  
dependent  o n  t h e  v a l u e  of A chosen. F i g u r e s  2 ( b )  and (c )  c o r r e s p o n d  
t o  a n  e x p e r i m e n t a l  s i t u a t i o n  i n  w h i c h  (u i s  v a r i e d ,  w i t h  w and w 
C P 
f i x e d .  I n  both c a s e s ,  a n  i n f i n i t e  set of r e s o n a n c e s  a r e  p r e d i c t e d  h a v i n g  
t h e  c y c l o t r o n  harmonics  a s  t h e i r  upper bounds.  The  l o c a t i o n s  o f  t he  
lower  bounds a r e  t h o s e  p o i n t s  which s a t i s f y  t h e  c y c l o t r o n  harmonic wave 
d i s p e r s i o n  r e l a t i o n  ( E  = 0) for a g i v e n  A ,  These  a r e  shown i n  F i g .  
3 .  T h i s  f i g u r e  a l s o  s e r v e s  t o  emphasize t h e  i m p o r t a n t  d i s t i n c t i o n  be- 
tween t h e  r a n g e s  0 < ((up/w ) < 1 and  1 < (wp/w ) .  I n  t h e  f i r s t  c a s e ,  
there a r e  s u c c e s s i v e  passbands and s t o p b a n d s  a s  (wc/u:) v a r i e s .  I n  t h e  
l a t t e r ,  there i s  p r o p a g a t i o n  f o r  a l l  v a l u e s  o f  less t h a n  u c i t y .  
I 
2 2  2 2  
(wc/w) 
A number of  p r e d i c t i o n s  conce rn ing  r e s o n a n c e  r e c t i f i c a t i o n  ef- 
fec ts  may now be made, F i r s t ,  w e  n o t e  t h a t  f o r  a n  e x p e r i m e n t a l  r e s o n a n c e  
p r o b e  o f  t h e  t y p e  used  i n  o u r  e x p e r i m e n t s ,  and shown i n  F i g .  4 ( a ) ,  the 
e l ec t r i c  f i e l d  w i l l  be d e s c r i b e d  by a s p e c t r u m  o f  
g i v e n  f r e q u e n c y .  S i n c e  some o f  t h e  k v a l u e s  c a n  be c l o s e  t o  reso- 
nance,  a r e c t i f i c a t i o n  effect  s h o u l d  be e x p e c t e d  i n  each  passband .  For 
t h e  c a s e  of  F i g .  2 ( b ) ,  i t  would be p o s s i b l e  f o r  t h e  peaks  t o  be  l o c a t e d  
anywhere i n  t h e  r e g i o n s  between s u c c e s s i v e  c y c l o t r o n  harmonics  For  
t h e  c a s e  o f  F i g .  2 ( c ) ,  however, t h e  peaks  must l i e  i n s i d e  t h e  f r e q u e n c y  
r a n g e s  d e f i n i n g  t h e  p a s s b a n d s .  This  series o f  r e s o n a n c e s ,  due t o  t h e  
s p e c t r u m  o f  k v a l u e s  e x c i t e d ,  w i l l  b e  referred t o  a s  t h e  ' p r i n c i p a l '  
series. 
v a l u e s  a t  any 
kL 
I 
I 
To d e t e r m i n e  t he  e x a c t  l o c a t i o n  of  t h e  r e s o n a n c e  r e c t i f i c a t i o n  
pedrswould be a n  e x t r e m e l y  d i f f i c u l t  problem. W e  can,  however, make 
some f u r t h e r  q u a l i t a t i v e  p r e d i c t i o n s .  I n  g e n e r a l ,  t he  form o f  t h e  
plasma impedance w i l l  be,  8 
z (w) = 
P 
I L  
( 5 )  
- 8 -  
FIG. 2( a ) .  Normalized reactance of warm magnetoplasma (RF e l e c t r i c  
f i e l d  perpendicular to s t a t i c  magnetic f i e l d ) .  
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4 
-4 
FIG. 2(b). Normalized reactance of warm magnetoplasma (RF electric 
field perpendicular to static magnetic field) . 
-10- 
4 
c)(w,/w )=1.2 
2 2  1 :  I X = 0.25 
/ 
FIG. 2( c )  . Normalized reactance of warm magnetoplasma (RF e lectr ic  
f i e ld  perpendicular to  s ta t i c  magnetic f i e ld )  
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FIG. 3. Cyclotron harmonic wave dispersion characteristics for 
perpendicular propagation in a warm magnetoplasma: 
Yaxwellian electron velocity distribution. 
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FIG. 4. Set-up for experimental resonance rectification studies. 
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w h e r e  t h e  form of  F depends  o n  t h e  geometry  and t h e  d r i v i n g  s o u r c e s .  
 ne i n i e g r a i  r e p r e s e n i s  a weighted  a r e a  of 
of kL w i l l  p r o b a b l y  b e  bounded e x p e r i m e n t a l l y  by v a l u e s  c o r r e s p o n d i n g  
t o  a n  e l e c t r o n i c  Debye l e n g t h ,  and t o  t h e  t r a n s v e r s e  d imens ions  of t h e  
a p p a r a t u s .  
m. ( i i c L j ,  f o r  which t h e  r a n g e  
F i g u r e  5 shows t h e  d i s p e r s i o n  c h a r a c t e r i s t i c s  and t h e  v a r i a t i o n  
of (l/cI) w i t h  (k  v /a), f o r  some t y p i c a l  e x p e r i m e n t a l  p a r a m e t e r s .  
The  shaded  a r e a  i s  c u t  o f f  i n  each  p l o t  a t  t h e  h i g h e s t  v a l u e  o f  ( k  v /w) 
which  was found o b s e r v a b l e  i n  o u r  e x p e r i m e n t s .  The shaded  a r e a  i s  ap- 
p r o x i m a t e l y  zero n e a r  t h e  bot tom of t h e  passband,  
s l i g h t l y  h i g h e r  v a l u e ,  
t o  dominate ,  i . e .  t h e  plasma becomes i n d u c t i v e .  Nea re r  t h e  t o p  o f  t h e  
pas sband ,  a t  (u/uc) = 2.23, 
Al though  t h e  w e i g h t i n g  f u n c t i o n  has  been  n e g l e c t e d ,  t h e  i m p l i c a t i o n  i s  
t h a t  t h e  r e s o n a n c e  s h o u l d  o c c u r  p r o g r e s s i v e l y  n e a r e r  t h e  t o p  of t h e  
pas sband  a s  t h e  c a p a c i t i v e  s h e a t h  r e a c t a n c e  i n c r e a s e s ,  o r  a s  t h e  plasma 
d e n s i t y  d e c r e a s e s .  
I T  
I T  
(u/uc) = 2.05.  A t  a 
t h e  n e g a t i v e  shaded  a r e a  b e g i n s  (u/uc) = 2.15, 
t h e  plasma i s  r e l a t i v e l y  s t r o n g l y  i n d u c t i v e .  
I t  w i l l  be n o t e d  from E q s .  (4)  and ( 5 )  t h a t  t h e  plasma r e a c t a n c e  
i s  zero a t  e a c h  c y c l o t r o n  harmonic,  s i n c e  c i s  i n f i n i t e ,  and t h a t  
t h e  f u l l  rf s o u r c e  p o t e n t i a l  i s  then  i m p r e s s e d  a c r o s s  t h e  s h e a t h .  The  
q u e s t i o n  a r i s e s  a s  t o  w h e t h e r  t h i s  e f fec t ,  which i s  independen t  o f  
geometry ,  w i l l  g i v e  r ise  t o  an  o b s e r v a b l e  r e s o n a n c e  peak .  We c a n n o t  s a y  
a p r i o r i  w h e t h e r  t h e  e f f e c t  w i l l  b e  s t r o n g  compared w i t h  t h e  p r i n c i p a l  
r e s o n a n c e s ,  b u t  a s  w e  s h a l l  see i n  S e c t i o n  I11 b o t h  e f f e c t s  do  o c c u r :  
Double  r e s o n a n c e s  a r e  obse rved .  The r e s o n a n c e s  which a r e  l o c a t e d  a t  t h e  
c y c l o t r o n  harmonics ,  i ndependen t  of t h e  s h e a t h  p r o p e r t i e s  w i l l  be 
r e f e r r e d  t o  a s  ' ha rmon ic '  r e sonances .  
I 
I R  
I .5 i 
FIG. ?(a)  & (b) . Variation of ( 1 / ~  ) with (k v#u) for typical 
experimental parameters I [vT = I (tcTe/m) 1/2] 
3 
-15 - 
IO 
0 
-10 
FIG. 5 (c) & (d). Variation of ( 1 / ~  ) with (k vdu) for typical 
experimental parameters i [v = i (tcTe/m) 1/2] 
T 
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111. EXPERIMENTS 
A l l  e x p e r i m e n t s  were c a r r i e d  o u t  i n  a 6 c m  d i a m e t e r ,  p o s i t i v e  column 
d i s c h a r g e  i n  a r g o n , a t  a p r e s s u r e  of about  0.6 mTorr. S i g n a l s  were 
a p p l i e d  t o  a p r o b e  s i m i l a r  t o  t h a t  s k e t c h e d  i n  F i g .  4 .  A d e s c r i p t i o n  
of t h e  r ema inde r  o f  t h e  a p p a r a t u s  h a s  been g i v e n  e l s e w h e r e  i n  c o n n e c t i o n  
w i t h  e x p e r i m e n t s  o n  c y c l o t r o n  harmonic wave p r o p a g a t i o n  and  need  n o t  be 
r e p e a t e d  h e r e .  7 
(A) Resonance R e c t i f i c a t i o n  
O b s e r v a t i o n s  of r e sonance  r e c t i f i c a t i o n  phenomena were made 
u s i n g  t h e  c i r c u i t  of F i g .  4 ( b ) .  The 1 kHz o u t p u t  s i g n a l  co r re sponded  t o  
t h e  r e c t i f i e d  component o f  t h e  dc p r o b e  c u r r e n t .  T h i s  s i g n a l  was ampli-  
f i e d ,  r e c t i f i e d  a n d  a p p l i e d  t o  t h e  v e r t i c a l  d e f l e c t i o n  i n p u t  of a r e c o r d e r .  
The  h o r i z o n t a l  d e f l e c t i o n  w a s  c a l i b r a t e d  i n  terms of t h e  magne t i c  f i e l d  
s t r e n g t h .  T y p i c a l  r e s u l t s  a r e  shown i n  F i g ,  6 f o r  a series of v a l u e s  of 
2 2  (wp/co ) .  I n  o b t a i n i n g  t h e s e  p l o t s ,  i t  was found t h a t  t h e  plasma d e n s i t y  
i n c r e a s e d  somewhat a s  t h e  magne t i c  f i e l d  i n c r e a s e d .  To o b t a i n  p r e c i s e  
d a t a ,  t h e  d i s c h a r g e  c u r r e n t  was se t  e t  t h e  f i r s t ,  s econd  and t h i r d  c y c l o -  
t r o n  ha rmon ics .  The  r e c o r d s  p r e s e n t e d  a r e  c o n s e q u e n t l y  fo r  s u b s t a n t i a l l y  
c o n s t a n t  v a l u e s  of (cop/w ) .  2 2  
F i g u r e  6 shows s t r o n g  double  peaks  c o r r e s p o n d i n g  t o  t h e  t w o  
series o f  r e s o n a n c e s ,  The shaded  r e g i o n s  i n d i c a t e  t h e  f r e q u e n c y  bands  
i n  which  t h e  p r i n c i p a l  r e sonances  s h o u l d  l i e ,  a c c o r d i n g  t o  t h e  c o n s i d e r a -  
t i o n s  of S e c t i o n  11. A s  p r e d i c t e d ,  f o r  low d e n s i t i e s  t h e y  approach  t h e  
e d g e s  o f  t h e  pas sbands ,  w h i l e  for h i g h e r  d e n s i t i e s ,  (cop/(u ) 2 0 . 6 ,  t h e y  
move towards  t h e  c e n t e r s  o f  t h e  bands.  The harmonic  r e s o n a n c e s  l i e  c lose  
t o  t h e  c y c l o t r o n  harmonics  e x c e p t  t h a t  a s l i g h t  s h i f t  c a n  be d e t e c t e d  a t  
l o w  d e n s i t i e s ,  
2 2  
2 2  (wp/u) ) - < 0.4.  
F i g u r e  7 shows t h e  e f f e c t  of v a r y i n g  p robe  p o t e n t i a l ,  and h e n c e  
t h e  s h e a t h  t h i c k n e s s  and r e a c t a n c e .  S t a r t i n g  from f l o a t i n g  p o t e n t i a l ,  
i t  w i l l  b e  s e e n  t h a t  t h e  peaks  approach each  o t h e r  a s  i n c r e a s i n g  e l e c t r o n  
c u r r e n t  i s  t a k e n .  T h i s  occurs, a s  p r e d i c t e d  i n  S e c t i o n  11, s i n c e  t h e  
s h e a t h  r e a c t a n c e  i s  d e c r e a s i n g .  The f i n a l  r e c o r d  i n  t h e  series shows 
t h a t  i f  t h e  p robe  i s  b i a s e d  n e g a t i v e l y  w i t h  r e s p e c t  t o  f l o a t i n g  p o t e n t i a l ,  
- 17 - 
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FIG. 6. Resonance r e c t i f i c a t i o n  records [The curves have been 
separated v e r t i c a l l y  for c l a r i t y .  Portions to t h e  r i g h t  
of a break were taken with  reduced s e n s i t i v i t y ] .  
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FIG. 6. cont 'd .  Resonance r e c t i f i c a t i o n  records [The curves have 
been separated v e r t i c a l l y  for c l a r i t y .  Port ions  
to t h e  r i g h t  of a break were taken with  reduced 
s e n s i t i v i t y ] .  
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FLOATING POTENT1 AL 
PROBE CURRENT = 0 mA 
=0.3mA 
FIG. 7 .  Effect of probe b i a s  current on resonance r e c t i f i c a t i o n  
2 2  peaks 
v e r t i c a l l y  for c l a r i t y ] .  
[(CUp/U3 ) =  0.4. The curves have been separated 
-20- 
t 
= 0.9rnA 
I 
:-0.12 rnA 
FIG. 7 cont'd.  Effect of probe b i a s  current on resonance r e c t i f i c a t i o n  
2 2  peaks [(Up/U ) = 0.4. The curves have been separated 
v e r t i c a l l y  f o r  c lar i ty ] .  
-21- 
. 
t h e  shea th  r eac t ance  i n c r e a s e s  and t h e  peak s e p a r a t i o n  i n c r e a s e s .  A s  
expectedj  t h e  p r i  nc i  pal r e s ~ n z ~ r e s  z r e  a l y z y s  fcczd e x p e r i z e n t c l l y  tc 
remain w i t h i n  t h e  wave passbands.  
Transmission Records ~ 
Measurements of t r a n s f e r  admit tance were made by  t r a n s f e r r i n g  
t h e  connect ion t o  t h e  d e t e c t o r ,  a m p l i f i e r  and r eco rde r  t o  Probe N o .  2.  
For a cons tan t  rf P o t e n t i a l  on Probe 1, t h e  de t ec t ed  s i g n a l ,  which is  a 
f u n c t i o n  of c u r r e n t ,  i n d i c a t e s  t r a n s f e r  admit tance e f f e c t i v e l y .  The 
experiments  were c a r r i e d  ou t  w i t h  two purposes i n  mind. 
mine i f  t h e  admit tance extrema corresponded t o  l o c a t i o n s  of  t h e  reso- 
nance r e c t i f i c a t i o n  peaks. And second t o  provide  an e l e c t r o n  dens i ty  
c a l i b r a t i o n .  
upper  hybr id  a b s o l u t e  minimum point  i n  t r ansmiss ion  f o r  a g iven  c u r r e n t .  
T h i s  e s t a b l i s h e s  a c a l i b r a t i o n  of plasma frequency i n  terms of t h e  
d i scha rge  c u r r e n t  
F i r s t ,  t o  de t e r -  
The l a t t e r  can be  obtained by no t ing  t h e  l o c a t i o n  of  t h e  
7 
Specimen records  a r e  shown i n  F ig .  8. The p r i n c i p a l  resonances 
a r e  found t o  l i e  between t h e  admittance minima and the  cyc lo t ron  har -  
monics, a s  expected.  This  i s  a l s o  t h e  r eg ion  i n  which i n t e r f e r e n c e  peaks,  
denot ing  cyc lo t ron  harmonic wave propagation, occur  on t h e  admit tance 
curves .  I t  i s  important  t o  no te  t h a t  i n  t he  s t e a d y - s t a t e  t ransmiss ion  
measurements, a dc  b i a s  app l i ed  t o  t he  t r a n s m i t t i n g  and/or r ece iv ing  
antenna does not  a f f e c t  t h e  measured w i d t h  of  t he  passband. T h i s  imp l i e s  
t h a t  t he  probe c u r r e n t  has  a n e g l i g i b l e  e f f e c t  on t h e  body of the  plasma, 
and t h a t  t he  r e s u l t s  of  Fig.  7 cannot be a t t r i b u t e d  t o  such spur ious  
effects .  
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FIG. 8. Comparison of transfer  admittance and resonance rect i f ica-  
t i o n  records wi th  theore t i ca l  cyc lo tron  harmonic wave 
d i spers ion  c h a r a c t e r i s t i c s  2 2  
P [ (Lo /a ) = 0.41. 
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I V  DISCUSSION 
The experiments desc r ibed  extend t h e  cond i t ions  under which resonance 
r e c t i f i c a t i o n  phenomena nave been observed t o  the case  of a plasma i m m e r s e d  
i n  a magnetic f i e l d .  The r e s u l t s  demonstrate c l e a r l y  t h a t  under cond i t ions  
where the  e l e c t r i c  f i e l d  i s  p r imar i ly  perpendicular  t o  t h e  s t a t i c  magnetic 
f i e l d ,  and the  perpendicular  component of  t h e  plasma p e r m i t t i v i t y  can be 
expected t o  be most important ,  warm plasma e f f e c t s  mani fes t  themselves 
s t r o n g l y .  I n  p a r t i c u l a r ,  series of resonances not p r e d i c t e d  by co ld  
plasma theory can be observed. Although the  l o c a t i o n  of  t h e  p r i n c i p a l  
series can be p red ic t ed  semi-quant i ta t ive ly  by t h e  theo ry  expressed i n  
F ig .  2, d e t a i l e d  p r e d i c t i o n s  of t h e  l o c a t i o n s  of  t h e  peaks would r e q u i r e  
p r e c i s e  knowledge of t h e  s h e a t h  s t r u c t u r e  and of t h e  plasma near  t h e  
s h e a t h  edge. The problem i s  f u r t h e r  complicated by t h e  d i f f i c u l t y  o f  
approaching i d e a l  geometry i n  an experimental  s i t u a t i o n .  For  these 
reasons ,  t he  use of t h e  p r i n c i p a l  series a s  t h e  b a s i s  of a d i a g n o s t i c  
technique  seems much less promising than  was t h e  case  f o r  the  resonance 
probe i n  t h e  absence o f  magnetic f i e l d .  
A l i m i t e d  amount of  in format ion  can be obta ined  from t h e  harmonic 
resonance peaks,  s i n c e  t h e y  g i v e  a measure of  t h e  l o c a l  va lue  of t he  
c y c l o t r o n  frequency. The  experiments i n d i c a t e ,  however, t h a t  t h e  peaks 
a r e  not  always p r e c i s e l y  a t  the harmonics, and i n  any c a s e  there  a r e  
many e a s i e r  ways t o  measure magnetic f i e l d  s t r e n g t h .  I t  may be  mentioned 
i n  t h i s  con tex t  t h a t ,  i f  the  w a r m  plasma p e r m i t t i v i t y  p r o p e r t i e s  a r e  t o  
be used i n  d i a g n o s t i c s ,  i t  i s  probably best t o  use  them i n  terms of  
c y c l o t r o n  harmonic wave propagat ion 
d e n s i t y ,  temperature ,  and magnetic f i e l d  s t r e n g t h  can a l l  be ob ta ined  
e i ther  from i n t e r f e r e n c e  measurements, on r eco rds  such a s  t hose  o f  F ig .  
9, o r  from pu l se  de lay  measurements f o r  wave-packets t r ansmi t t ed  between 
two probes.  These methods have a l ready  been shown elsewhere t o  g i v e  
e x c e l l e n t   result^,^" and a r e  independent of e l e c t r o d e  s h e a t h  e f f e c t s  
(GI = 0), from which t h e  e l e c t r o n  
- 24 - 
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